The path toward Li-ion batteries with higher energy-densities will likely involve use of thin lithium metal (Li) anode (<50 µm thickness), whose cyclability today remains limited by dendrite formation and low Coulombic efficiency (CE). Previous studies have shown that the solid-electrolyte-interface (SEI) of the Li metal plays a crucial role in Li electrodeposition and stripping behavior. However, design rules for optimal SEIs on Li metal are not well established. Here, using integrated experimental and modeling studies on a series of structurally-similar SEI-modifying model compounds, we reveal the relationship between SEI compositions, Li deposition morphology and CE, and identify two key descriptors (ionicity and compactness) for high-performance SEIs. Using this understanding, we design a highly ionic and compact SEI that shows excellent cycling performance in high specific energy LiCoO 2 -Li full cells at practical current densities. Our results provide guidance for rational design of the SEI to further improve Li metal anodes.
separators, [7] [8] [9] electrolyte additives, [10] [11] [12] [13] surface coatings, [14] [15] [16] [17] , concentrated electrolytes, [18] [19] [20] and solid electrolytes. [21] [22] [23] With such improvements, it is urgent to address the low CE problem, for otherwise "gradual death" (running out of available Li or electrolyte dry-out) would likely occur before "sudden death" (short-circuit), and limit the cycle-life.
Li metal is highly reductive and reacts instantaneously with electrolyte constituents upon contact to form a surface film generally referred to as the solid-electrolyte-interface (SEI). 24, 25 SEI formation consumes active Li + ions and leads to coulombic inefficiency. To minimize such loss, it is necessary for the SEI formation reaction to be self-limiting. It has also been shown recently that the microstructure and properties of SEI can impact the crystal growth behavior of Li metal during electro-deposition (charging of the cell) 26 and how the Li deposits are stripped during battery discharge. 27 Therefore, SEI tuning may be a promising strategy for improving Li metal anode performance. A variety of compounds, such as 36 and Cu 3 N, 37 have been used to modify the composition and morphology of the SEI and have been shown to be effective in improving the cycling performance of Li metal anode. However, these studies have typically been conducted with Li metal anodes of larger thickness (usually >250 µm). For high energy density, feasibility must be demonstrated with thin Li metal anode. It also appears that SEI tuning often follows a trial-and-error approach that results in incremental improvement. Thus, it is necessary to establish clear selection criteria for effective SEI modifiers.
Here, we first quantify the impact of Li metal thickness and CE on energy density and cycle-life of Li-metal rechargeable batteries. Then, using a model series of structurally-similar SEI-modifying compounds, we show the interrelationship between SEI compositions, Li deposition behavior, and CE.
We identify two key descriptors (i.e. ionicity and compactness) for high performance SEIs using integrated experimental and modeling studies. Using this approach, electrolytes that result in a highly ionic and compact SEI enriched with LiF, Li 2 CO 3 , and Li 2 SO 3 , have been discovered, which form a dense Li film during electrodeposition (charge) and achieve both dendrite-free and high CE cycling. Li metal full batteries based on thin Li metal anodes (50 µm in thickness) and LiCoO 2 cathodes (theoretical areal capacity ~4.2 mAh cm -2 ) demonstrate stable cycling exceeding 240 cycles (to 80% capacity retention) at practical C-rates (0.2 C charge/0.5 C discharge, 1 C » 3.7 mA cm -2 ). For even thinner Li metal anodes (20 µm thickness), full cells still cycle for 130 cycles. Our results provide guidance for rational selection and optimization of SEI modifiers to enable practical Li metal rechargeable batteries.
Impact of electrode thickness and coulombic efficiency on energy-density, specific energy and cyclelife of Li metal batteries
The calculated energy density, specific energy, and cycle life of Li metal batteries consisting of a high-area-capacity LiCoO 2 cathode (>4.2 mAh cm −2 ) and a lithium metal anode of various thicknesses (i.e. 20 µm-thick Li corresponds to ~4.12 mAh cm −2 ) are shown in Figure 1 . The fraction of Li passed per cycle (F p ) can be calculated from the areal capacity of the cathode and the anode
" #$%&'() *" +, [1] Here, Q cathode and Q Li are the area capacities of the cathode and Li metal anode, respectively; F p varies inversely with the percentage of Li excess of the battery, and naturally the battery reaches its highest energy density in the anode-free case, F p = 1. Thus in Figure 1 the energy density/specific energy decreases as Fp decreases (Li excess increases), with the being calculated based on the mass and volume of the cathode, anode, current collectors, separator, and liquid electrolyte, and including a packaging factor, as given in detail in the Supplementary Information. The cycle life of the battery, n, may be predicted based on the CE avg , which is the Coulombic efficiency averaged over the number of cycles until the all the available Li, Q cathode + Q Li , runs out. CE avg is calculated as follows:
-" #$%&'() [2] (Q cathode + Q Li )/n is the average Li loss per cycle. Here we assume charging to 100% state-of-charge, and that CE loss occurs only at the Li metal anode, not at the cathode. Therefore, Q Li passed per cycle is equivalent to Q cathode during cycling. From Equation 1 and 2, the relation between F p and cycle life (n) can be determined as:
The F p versus n plots in Figure 1 are constructed based on Equation 3 at several selected values of CE avg .
As shown in Figure 1 , if the CE avg is as low as 80%, the battery cannot survive more than 60 cycles even with a 250-µm-thick Li metal anode (low F p , large Li-excess). With a CE avg of 99.9%, even an anode-free battery can last more than 1000 cycles, approaching the cycle life of existing Li-ion batteries using graphite anodes. The cycle life of Li metal battery can be further increased to more than 2000 cycles when a thin Li metal anode (e.g. 20 µm or 50 µm) is employed. Due to the low density of Li metal (0.534 g cm -3 ), this only leads to a small reduction in gravimetric energy density but a large reduction in volumetric energy density. Thus the increase in the thickness of the lithium metal foil improves the cycle life, but at the cost of specific energy and energy density. In this work, we demonstrate cycling of lithium metal foils with 20 and 50 µm thickness. 
Selecting SEI modifiers
The central theme of this work is to establish the selection criteria for SEI modifiers that create a stable Li metal anode interface, and one which has the potential to self-heal upon formation of cracks. The spontaneous reaction between Li metal and iodine (I 2 ), which is historically used in primary batteries and leads to the formation of a Li + conducting layer and solid separator during operation, 38 bromide and chloride at potentials below that of 4 V cathodes. 41 Among the halide series, this criterion leaves only LiF; the benefits of a LiF-rich SEI have been documented before. 12, 29 However, direct addition of LiF as a salt in common organic electrolytes is not effective due to its extremely limited solubility (<0.002 mM in dimethyl carbonate). Therefore, we chose to explore an approach whereby LiF-rich SEIs are formed through intentional decomposition of fluorinated electrolyte constituents at the Li metal surface.
Density-functional theory (DFT) calculations were used to probe reactions of a wide range of fluorinated organic compounds and lithium metal surface to determine their propensity to form a desired SEI (Supplementary Fig. 1 ). Note that these compounds can be considered either as solvents or additives depending on the amount added into the electrolyte. We begin by focusing on a series of structurally Fig. 2 ) show that the F content in the SEI increases in the order of EL-0 (1.5 at.%), EL-3 (1.7 at.%), EL-1 (5.8 at.%), EL-4 (7.2 at.%), and EL-2 (10.6 at.%), which is in agreement with the trend predicted by the DFT calculations. Narrow-scan XPS spectra of F, C, and For EL-4, the S 1s spectrum was also collected and analyzed ( Supplementary Fig. 3) . Surprisingly, there is no S-containing species observed in the SEI. This may be explained by the decomposition rate of DTD versus FEC at Li surface. DFT calculations suggest that FEC decomposes directly on Li while DTD co-decomposes with LiPF 6 . Thus we may expect the DTD decomposition reaction to be slower. Once the Li metal surface is passivated by the decomposition products of FEC (such as LiF), its reactivity toward DTD is significantly reduced. However, on the Li metal film that was cycled 20 times and 50 times, ROSO 2 Li, Li 2 SO 4 , and Li 2 SO 3 were indeed observed. This result suggests that S-containing species are gradually incorporated into the SEI during Li deposition/stripping cycles and may provide a healing function when the SEI cracks.
SEI and Li metal electrodeposition behaviors
To investigate the relationship between SEI composition and Li metal electrodeposition behavior, scanning electron microscopy (SEM) was performed on the Li film deposited in EL-0, EL-1, EL-3, and EL-4 electrolytes using the LiCoO 2 -Li cells. The same Li films on which the XPS measurements were made were examined by SEM. The SEM used for this study was installed inside an argon-filled glovebox so that the samples were never exposed to air. Top-view SEM images showed that Li particles of several 
Coulombic efficiency measurements using asymmetric Li-Li cells
In order to accurately measure Coulombic efficiency during plating and stripping, it is necessary to have a limited lithium source so that the loss of working lithium can be traced. This can be done with a full cell using an intercalation cathode, but any losses at the positive electrode may be difficult to separate from those occurring at the lithium metal electrode. We developed an asymmetric Li-Li cell test that is able to accurately quantify the average Coulombic efficiency occurring over a number of cycles, which we denote CE avg (Figure 4a ). The asymmetric cell consists of a two Li metal electrodes, one of which has a low area capacity that is systematically consumed during cycling. In the present study we used a 20 µm-thick Li film coated on a copper foil (Q Li = 4.12 mAh cm −2 ) as this working electrode, while the counter electrode is a 750 µm-thick Li foil with a large excess of capacity. The two electrodes were assembled into a coin-cell with a polyethylene separator and liquid electrolyte. In the first half-cycle, a known amount of Li is deposited on bare metal current collector, since the use of thin Li anodes in a full cell in most instances will provide a better compromise between energy density and cycle life than the so-called "anode-free" configuration where deposition occurs on metal current collector. (Figure 5a and 5b) . The cycling performance was improved with the EL-1 electrolyte. The best cycling performance was achieved with the EL-4 electrolyte containing the DTD additive. 80% of the initial capacity was retained for 131 cycles (Figure 5b) . It is also interesting to compare the CE of the three cells. The best-performing cell using the EL-4 electrolyte provides higher CE over those using the EL-0 and EL-1 electrolytes (Figure 5c) . When a 50-µm Li metal anode was employed instead of the 20-µm Li metal anode, the LiCoO 2 -Li full battery retained more than 80% of the initial capacity for 246 cycles (Figure 5d ). This shows that thickness of lithium provides an effective way to strike an application dependent trade-off between cycle life and specific energy. 
Descriptors for Effective SEIs
In order to formulate the structure-property relationship between the electrolyte components and their function in full cells, we identify two descriptors that are key for a high performance, self-formed SEI.
The two key factors are (i) the ionicity of the SEI, which is needed for ensuring low electronic conductivity 46 and (ii) the porosity of the SEI, which will control the morphology and packing density of the inorganic and organic phases. Here, we propose to use the number of electrons transferred from the lithium surface to the electrolyte molecule as a descriptor for the iconicity of the SEI. This descriptor is intuitive as the more ionic the SEI is, the more electrons should be transferred from the lithium surface, as shown in Table 2 . On the other hand, describing the porosity and morphology of the SEI is a more challenging problem. We propose that the volume of the organic species left behind from the decomposition is a good descriptor to describe the ability to form a compact SEI. This volume can be quantified by the Bader Volume of the largest SEI species, typically the organometallic salt component.
More details on the rationale behind the two descriptors is discussed in the Supplementary Information.
These two descriptors, used in conjunction, can rationalize the experimentally observed trends. Based on the descriptor for the ionicity of the SEI, among the present fluorinated solvents, the trend is CF 3 EC << FEC < DFEC. Using just this descriptor, we would conclude that DFEC leads to a more ionic SEI.
However, when comparing the descriptor for compactness of the SEI, the incomplete decomposition of DFEC leads to much larger moieties for DFEC than FEC. These two factors taken together indicates that FEC should fare better due to a combination of an ionic and compact SEI.
The case of DTD is special and it suggests a new strategy to enrich the LiF content in the SEI. Unlike the other electrolyte molecules considered, DTD decomposes along with LiPF 6 to form LiF, PF 5 , ethane-1,2-diolate (similar to FEC) and SO 2 2-anion. The latter eventually leads to the formation of Li 2 SO 4 , Li 2 SO 3 and ROSO 2 Li as observed in the experiments. For the two descriptors identified, DTD leads to the formation of a more ionic SEI while maintaining high density quite similar to FEC. We attribute the improved behavior seen in FEC-DTD case to increased LiF and Li 2 CO 3 formation from the DTD addition as well 4 as the formation of Li 2 SO 3 as confirmed by the XPS results. These results suggest that these two descriptors together can provide rational design principles for the selection of SEI forming compounds. ) and C-rates (0.2 C charge/0.5 C discharge, 1 C = 3.7 mA cm -2 ). This work establishes a methodology for rational selection and optimization of the SEI modifiers to further improve the cycling performance of Li metal anode.
Methods
Materials. The 20 µm-thick lithium film coated on Cu foil was purchased from Honjo, Japan. The 50 µm-thick lithium film coated on Cu foil was purchased from China Lithium Energy Co., Ltd. The electrolytes were prepared by (Shanghai Songjing New-Energy Technology) using battery-grade reagents except EL-2 because DFEC was only available at 95% purity (from BOCSCI Inc.).The LiCoO 2 electrode sheets were prepared by coating the slurry of LiCoO 2 cathode powder (LC-95, Hunan Shanshan), carbon black, and PVDF (weight ratio 96:2:2) on aluminum foils. The electrodes were calendared to ~60 µm. The mass loading of LiCoO 2 was ~23 mg cm -2 .
Characterizations. XPS measurements were carried out using a Kratos X-ray photoelectron spectrometer.
To avoid electrode contaminations caused by exposure to air, the Li electrodes were rinsed using fresh dimethyl carbonate, dried, sealed in a specialized holder inside the Ar-filled glovebox, and then transferred into the chamber of the XPS instrument. SEM characterizations were carried out using a Phenom-Pro scanning electron microscope installed inside an Ar-filled glovebox. The cross-section of the deposited Li films were prepared by slowly tearing the electrodes. Using a razor blade to cut the electrodes is not advised because it easily deforms the soft Li metal and appears to "smooth out" the deposited Li films.
Electrochemical measurements. Electrochemical performances were measured using CR2025 coin-type cells. The Li metal full batteries were assembled using a LiCoO 2 cathode, a thin Li metal anode (20 or 50 µm in thickness) and one piece of polyethylene separator (Tonen), and <75 µL electrolyte per cell.
Electrochemical tests were performed using battery cyclers (Shenzhen Neware, BTS4000-5V, 10/1.0 mA version, 0.05% current/voltage resolution). The coin cells were cycled inside temperature chambers set at 30 ± 0.2 °C. The lithium metal full batteries were first cycled at 0.1 C between 4.5-3.0 V for three cycles and then charged at 0.2 C and discharged at 0.5 C repeatedly. 1 C equals to ~3.7 mA cm -2 .
DFT simulations. Self-Consistent DFT calculations were performed using the real space projectoraugmented wave method 47, 48 implemented in the GPAW code 49, 50 and employing the PBE exchange correlation functional 51 . We performed the DTF calculations on the Li(100), (110) and (111) 
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DFT Calculation Details
Self-Consistent DFT calculations were performed using the real space projector-augmented wave method [1, 2] implemented in the GPAW code [3, 4] and employing the PBE exchange correlation functional [5] . We chose the Li (100), (110) We explored different conformers of the solvent molecule, chosen based on placing electronegative atoms such as F and O close to the surface. Li + and PF # $ ions were placed at a distance of 2 Å on top of the solvent molecule. LiPF 6 salt was placed for decomposition studies as it is known that salt ions affect the stability of solvent molecules by renormalizing the molecular energy levels of the solvent. [6, 7] In addition, the salt ions may themselves participate in the reaction. It is worth highlighting that there are numerous possible configurations of the salt ions and solvent, we believe that given the consistency between the structures, trends in reactivity are well captured with this approach. The internal coordinates of these structures were allowed to relax to determine the decomposition products. Periodic boundary conditions were used for x and y directions and a vacuum of 10 Å was used in the z direction perpendicular to the surface on both sides of the slab. A real-space grid spacing of 0.16 Å was used and the Brillouin zone was sampled using the Monkhorst Pack scheme [8] with a k-point grid of (6´6´1). The calculations were converged to < 5meV accuracy with respect to k-points and grid spacing. A Fermi-Dirac smearing of 0.05 eV All simulations were converged to a force < 0.05 eV Å -1 . Bader analysis [9] was used to determine the amount of charge transferred from the lithium to the solvent during the decomposition and also volumes of the various decomposed species.
Calculation of Bader Charges and Bader Volumes of different species
To calculate the Bader charges and volumes, initially the electron density as a function of spatial coordinates was stored in a ".cube" file. The Bader analysis was performed on the ".cube" file. For charges, the Bader analysis was done by setting the vacuum charge density to zero. This was done to ensure that all charges are assigned to the appropriate molecular species. For calculating Bader Volumes of the atoms, the Bader analysis was done by setting the vacuum charge density to 0.0001 e Å -3 . This was the error of the electron density in the DFT calculations performed. Thus, a cutoff lower than this value would not be consistent. A larger value for the vacuum charge density cutoff leads to incorrect assignment of the electrons to different atoms. We checked for some different values in the appropriate range and found that the Bader Volumes calculated scale with those chosen number, but the trends in the volumes of different species remain the same as shown in the table shown below. This means that the specie with the largest Bader volume is invariant implying that the descriptor used will provide the correct trend for the classification problem. The Bader charge transferred to the solvent while decomposition was calculated as negative of the charge on the Li(100) slab because the overall system is charge neutral. The decomposed species were identified by considering bond distances between two atoms. Two atoms were considered chemically bonded if the distance between them was less than 1.75 Å. Thus, all the decomposed species were identified and their charge and volumes calculated by summing over the charges and volumes of the individual atoms.
Passivation of Li(100) surface covered with LiF
In order to explore the extent of passivation by LiF, we performed calculations by placing a monolayer of LiF on a 6 layer Li(100) slab. The structure was generated by placing F atoms on top of the Li surface.
After relaxation, this spontaneously led to the formation of a LiF monolayer and 5 layers of Li(100). For simulating solvent decomposition on this structure, the bottom two layer were constrained to the bulk lattice constant of Li and the other layers and solvent molecule along with LiPF 6 was allowed to relax. A similar Bader charge analysis was done to determine the charge transferred to the solvent. This shows us whether there is any Li oxidation and hence any possible reaction with the solvent. If the charge transferred is less than 0.5 e -then, this would indicate that the surface is passivated and no further reaction with the solvent is likely. Packaging factor = 0.85
Calculation of Energy Density in Figure 1
Electrode area = 1.267 cm
